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Abstract: The strength of soil can significantly increase
by stabilisation with binders. Adding binders in correct
proportions to improve soil parameters is of paramount
importance for earthworks. In this article, we presented
a framework to explore strength characteristics of soil
stabilised by several binders and evaluated using applied
geophysical methods by estimated P-wave velocities. The
core of our work is a systematic assessment of the effects
on clay stabilisation from various binders on shear and
compressive strength. The binders were combined from
four stabilising agents: (i) CEM II/A, a Portland limestone
cement; (ii) burnt lime; (iii) lime kiln dust (LKD) limited
up to 50%; and (iv) cement kiln dust (CKD). Shear strength
has shown a nonlinear dependence as an exponential
curve with P-waves. Natural frequency analysis was mod-
elled to simulate resonant frequencies as eigen values.
Variations in strength proved that CEM II/A-M (Recipe A,
100% CEM II) has the best performance for weak soil sta-
bilisation followed by the combinations: Recipe B (70%
CEM II/A-M, 30% LKD), Recipe C with added 80% CEM
II/A-M and 20% CKD, and Recipe D (70% CEM II/A-M 30%
CKD). Recipe B has shown high values with maximum
uniaxial compressive strength (UCS) at 13.8 MPa. The
Recipe C was less effective with the highest value of UCS
as 8.8 MPa. The least strength was shown in Recipe D,
where UCS has maximal values of 3.7 MPa. The specimens
stabilised by Recipe B demonstrated the highest P-wave
velocity at 2,350 m/s, while Recipe C and Recipe D showed
the highest P-wave velocity at 1,900 and 1,550 m/s. All

specimens shown a gain of UCS with sharply increased
P-wave speed during the 3 days of curing. The study con-
tributes to the development of methods of soil testing in
civil engineering.
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1 Introduction

1.1 Background

The mechanical performance of soil under load stress has
a complex and nonlinear behaviour. This is largely con-
trolled by a variety of inner and external factors respon-
sible for soil formation [1–3]. The environmental factors
such as temperature and humidity are determined by
regional factors, and control the distribution of soil minerals
[4,5]. Inner properties may vary according to the complex
structure of soil as a porous media with varied mineral
content, texture, density, porosity, viscosity, elasticity, com-
pactness, and grain size [6,7].

The behaviour of weak soil presents a serious pro-
blem in earthworks and construction industry. Weak soils
such as swelling clays pose a significant hazard to founda-
tions for buildings due to the uplift pressures. Reparation
works on buildings damaged by expansive soils can lead
to serious financial costs reaching dozens, thousands of
euros. Moreover, different types of dynamic loads may
occur in foundations of structures including the effects
of vibrations in buildings [8]. Special cases include the
foundations under precast reinforced concrete columns
of steel or flyovers and industrial structures used for trans-
ferring loads to the ground in the structural systems [9,10].

The analytical and design part for such constructors
includes the selection of the appropriate technology of
soil stabilisation and reinforcement of the foundation
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before construction works on installation of industrial ske-
letons. Soil stabilised by binders gains in strength, which
ensures its resistance to the external loads. Stabilised soils
help to significantly reduce the effects of building exploi-
tation and ensure the stability of constructions. The tradi-
tional binders include cement and cementitious materials
[11], as well as other binders, such as slag [12], and fly
ash [13,14].

Jet propagation in soil is performed from the injection
nozzle, which results in cementation of soil due to the
interaction of particles between the jet of binders and,
soil. The injected fluid penetrates into the soil, increases
pore pressures, and reduces grain contact in a soil ske-
leton [15,16]. This results in the increased stiffness, den-
sity, and strength of soil stabilised by jet grouting [17].
The jet grouting technique is a soil consolidation process
based on grouting of fluid jet of cementitious slurry
through a jet column into the ground [18]. Major parts
of the jetting mechanism include the grout pipe connected
to the drilling device, monitor, rod, and nozzle [19]. A
borehole is drilled up to the targeted depth with cemen-
titious slurry injected to the ground through a column
and mixed with soil. The drill stem is then removed
slowly from the borehole [20]. Originally developed in
the United Kingdom, jet grouting has now been largely
used for soil hardening in engineering works [21–23].

The advantages of jet grouting include a straightfor-
ward and effective implementation, economic benefits,
and improved technological solutions for improving
mechanical properties of soil [24]. Jet technology increases
bearing capacity of soils and reduces settlements of foun-
dations, which is the target goal in geotechnical works
[25]. Technical, economic, and environmental advantages
of jet grouting [26] made it useful in diverse applications
in civil engineering including tunnelling [27], airports
[28,29], and metro and subways [30–32]. The technical
advantages of jet grouting include its flexibility [33] and
applicability in all major types of soil: silt [34,35], clay
[36,37], or sand [38].

Deep soil mixing technique is an in situ method of
ground improvement, which is based on mechanical
mixing of soil with cementitious binder [39,40]. By deep
mixing, soils are blended systematically with cementitious
binders using column technique using drilling and jet
grouting [41,42]. Deep mixing involves the use of either
wet or dry mixing techniques. While wet mixing injects
slurry of cementitious binders, dry mixing uses powder
binders that react with water in soil [43]. It is especially
useful for the cohesive fine-grained type of soil, e.g., clay
[44,45], because soft and weak soil has a high moisture

content and loose structure that can be stabilised using
deep mixing [46]. Existing cases of deep soil mixing report
increased shear modulus [47], reduced compressibility
and improved parameters of the compressive strength
[48], and reduced ground settlement and improved soil
stability [49].

The strength characteristics of soil have a key role in
construction, as they control the performance of ground
in terms of service ability [50]. The effectiveness of soil
stabilisation depends on many factors: soil type, stabi-
lising agent, curing time and temperature, water content,
and drainage conditions [51]. For geotechnical purpose,
critical factors include the content of binder, water–binder
ratio [52–54], and confining pressure [55–57]. Therefore,
the effective methods of controlling soil strength are of
paramount importance and great interest for civil engi-
neering as practical solutions of geotechnical construction
works. We have contributed to this issue by demonstrating
the methods of evaluating soil strength adopted to a clay
type of soil stabilised by four different binders and evalu-
ated by P-wave velocities.

1.2 Related works

There is an increasing trend to explore material proper-
ties by geophysical methods applied for civil engineering
domain, in particular using nonlinear wave analysis.
Stress changes in materials can be evaluated through
acoustic wave analyses using either–elastic acoustic waves
[58] or coda-wave interferometry and nonlinear acoustic
waves [59], which are sensitive to the microstructural
changes in materials. The acoustic emission technique
and the extraction of resonant frequencies can effectively
be used for non-destructive dynamic testing of damage in
cementitious structures [60]. The ultrasonic shear-hori-
zontal waves can be applied for estimating cracks in the
construction elements, which is of critical importance for
evaluating the structural safety [61].

It is known that geophysical properties of P-wave velo-
city correlate with key engineering characteristics of the
soil structure such as rigidity, compressibility, and density.
In turn, these are related to a number of interrelated para-
meters of soil: viscosity, stiffness, compactness, and elas-
ticity, which depends on density and porosity [62,63].
The velocity of P-wave at which it travels through a
soil specimen can be measured using ultrasonic methods
by accelerators, transducers, and receivers. Generally
speaking, the velocity of the P-waves has strong positive
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relationships with uniaxial compressive strength (UCS)
[64,65]: the higher the strength of soil is, the higher is
the P-wave velocity. Therefore, as curing time and binder
content affect the soil strength, it can be used with regard
to P-wave velocity as related parameters.

Shear and compressional wave velocities vary with
different effective stress and porosity, which enables us to
find a correlation between dominant frequency and inter-
particle voids of soil [66]. With this regard, the investiga-
tion of the ultrasonic wavelength can be performed in
various media, including compacted clay and sandy soil
[67], fluid-saturated poroelastic soil [68], or in rein-
forced concrete structures [69,70] used in construction
industry. One of these approaches is testing the shear
bond and compressive strength of stabilised ground
samples. Stabilising soil can be performed by a wide
variety of binders, among which many applications
use lime [71,72] and cement [73]. Lime–cement treat-
ment is effective specifically for fine-grained type of
soil: clay or silt [74–78].

The analysis of the performance of stabilised soil is a
challenging task, since the addition of various combina-
tions of binders may result in different responses from
soil, depending on its structure and mineral content.
For instance, the behaviour of fine-grained [79] or course-
grained soil [80] differs, owing to the differences in mineral
content and physico-chemical properties of soils [81]. As a
result, different binders are needed for different types of
soils [82,83]. Many solutions exist evaluating soil properties,
each based on different techniques [84–88]. The universal
methods for soil stabilisation do not exist and require
laboratory testing and control for different types of soils
and binders.

Testing shear bond and compressive strength of soil
aims to estimate the parameters of soil performance
under load regarding the content of binders and type of
soil. This is primarily intended at evaluation of soil
cementation upon stabilisation with various binders.
It can be done either by pure binders or by blended
mixtures with various components of stabilising agents
[89,90]. The important physical parameters of the cemen-
titious materials, affecting the performance of dynamically
loaded reinforced concrete structures in civil engineering,
include material elasticity, vibration energy absorption,
dumping coefficient, and fatigue strength [91]. Hard-
ening of the materials by binders enables us to improve
strength parameters and increase the resistance to vibra-
tions and resonance. Stabilised soil before construction of
foundations gains sufficient impact resistance to dynamic
loadings.

1.3 Study objectives

The Swedish Geotechnical Institute (SGI) has performed
laboratory determinations and evaluation of strength
properties on stabilised clay from Norvik, Nynäshamn
municipality. The works have been carried out on behalf
of the Geomind KB, SMA, and CEMEX. The research aim
was to test different binder combinations for depth stabi-
lisation and for jet grouting of clay. The tests included
two types: (i) mixing tests for deep stabilisation and (ii)
mixing tests for jet grouting.

This article focuses on the estimation of shear bond
and compressive strength of clay collected in the Norvik,
Nynäshamn Municipality, located in the central region of
Sweden, Stockholm County. Soil of the cold regions is
subjected to harsh environmental setting and has specific
properties caused by ambient temperature below zero
and repetitive seasonal freezing [92–95]. Such soil should
be stabilised before the use in industrial works. The
methods included stabilisation of specimens with lime/
cement mixtures by deep mixing and jet grouting and
seismic measurements of P-wave velocity.

2 Methodology

2.1 Binders

To evaluate binder combinations for deep stabilisation,
an experimental setup of simplex centroid design was
applied using existing methodology [96,97]. The purpose
of using this type of statistical planning is to minimise the
number of trials while maintaining the statistical signifi-
cance and to ensure that both positive and negative inter-
actions between the binder components are detected.
Four different binders have been used in this study: (i)
cement type CEM II/A, which is a Portland limestone cement
consisting of Portland clinker (K) (content 80–94%) and
limestone (LL); (ii) burnt lime (quicklime) named Ql in the
figures (“quicklime”); (iii) lime kiln dust (LKD); and (iv)
cement kiln dust (CKD). The effects from binders on soil
stabilisationwere evaluated by the nondestructive analytical
techniques of seismic waves measurements.

The selection of binders is explained by the effective-
ness of these stabilising agents on soil stabilisation, due
to the mineral compositions. Thus, the compound com-
position of the ordinary portland cement (OPC) type II is
as follows: according to the classification of the American
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Society for Testing and Materials (ASTM), it consists of
OPC up to 65% and up to 35% of other components. Due
to the high percentage of Ca in its mineral content
(dicalcium silicate (C S2 ), tricalcium silicate (C S3 ), and
tricalcium aluminate (C A3 )), OPC is a powerful binder
for stabilisation of clay, because each of these chemical
compounds contributes and affects binding of particles
through hardening process and soil stabilisation. For
instance, C S3 is responsible for early strength develop-
ment (reactions are reached by 28 days of soil curing),
while C S2 ensures late strength development (after 28
days). Besides, OPC performs moderate sulphate resis-
tance and emits less heat during hydration, which makes
it practical for environmental engineering.

Quicklime is the base anhydride of ( )Ca OH 2 (calcium
hydroxide). Being a chemical derivative with high con-
tent of Ca, it is an effective and inexpensive chemical
widely used in engineering construction works as a binder.
It is widely used in soil stabilisation process to form cemen-
titious strengthen products when reacting with soil parti-
cles. Quicklime contributes to the high degree of hydration
process byCaCO3 released into the soil–limemixture, which
ensures high strength in stabilised soil.

The CKD and LKD are the derivatives of cement and
lime products. Their properties and behaviour in soil sta-
bilisation are consistent with the chemical compositions
of cement and lime. The LKD and CKD are important
components for hydration reaction in a stabilised soil-
binder mixture. Besides the type of binders, the increase
in the compressive strength of soil-binder samples gen-
erally tends to gain over the period of curing and is
affected by curing conditions: ambient air temperature,
moisture, water content, and mineral composition of soil.

2.2 Simplex centroid design

The test surface in a three-factor simplex centroid design
is structured as a triangle (Figure 1). Pure binders (100%)
are represented as corners in a triangle and a mixture of
the two to three binders along the triangle’s stripes, as a
combination of all the binders inside the triangle of the
model. The selected trial points are marked as blue circles,
which correspond to the tested binder combinations. The
mutual ratio between the binders varies depending on the
location of the test point within the triangle model. Thus,
nine different binder combinations were formed from the
mix of these three binders. The full circles represent both
the test point and extra reference samples (Figure 1(a)).

The restricted simplex centroid design is shown in
Figure 1(a), where the restriction consists in maximising

the share of LKD to 50%. The test was used for the dif-
ferent amounts of binders: 80, 100, and 120 kg per m3 of
clay, respectively. The experimental design for the amount
of binder 100 kg of binder per m3 of clay was supple-
mented with the internal points, which increases the reso-
lution of the response surface. Clay was added in various
ratios in four recipes of various binders to evaluate the
performance of soil with various clay content against bin-
ders (80, 100, and 120 kg per m3 of clay). Red ring shows a
point that were excluded from the analysis (Figure 1(b)).
Each trial point was performed as a double trial with the
corners of the triangle representing to the 100% of only
one binder. The centre of the triangle corresponds to 33%
of the three different binders. The points on the lower
border of the triangle correspond to either a pure binder

Figure 1: Experimental design: (a) according to a restricted simplex
centroid design; (b) supplemented with internal points.
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(compared with CEM II/A or Ql) or, alternatively, to a mix-
ture of 50% CEM II/A and 50% Ql.

The curing time for the reference samples (cement/
lime 50/50) was determined to be 7, 14, 21, and 28 days.
Extra reference tests have been carried out for calibration
of seismic measurement in relation to the compressive
strength on days 7 and 14 (Figure 1(b)). Moreover, some
extra specimens were produced for the compression tests
on day 80. The choice of 80 days is explained by the fact
that the samples were stored at = °T 7 C, which corre-
sponds to the average ground temperature in central
Sweden in the tested study area. At this storage tempera-
ture and a curing time of 80 days, this corresponds to the
equivalent of 28 days of storage at °20 C. The tests were
carried out according to the laboratory guidance of the
SGI applied in previous experiments [98,99] and existing
methods of using lime/cement columns for deep column
stabilisation [100].

2.3 Seismic measurements

Seismic measurements were performed as a free-free reso-
nant column testmeasuring P-wave velocity of the specimen
using existing methodology applied in previous studies
[101,102]. The datawere processed using software for seismic
measurements, which records the P-wave speed from the
obtained data and performs plotting (Figure 2).

The measurements were used on all specimens mod-
elled in a previous step during simplex testing. Extra
specimens were produced as reference specimens for
the determination of P-wave velocity and shear strength
on days 7 and 14. They present a reference to the P-wave
velocity of the remaining specimens for a correlation to
the shear strength of the samples. The correlation between
the P-waves and UCS has previously been used for plotting

response surface of the stabilised samples [103,104]. The
velocity of the P waves in isotropic and homogeneous
solids, such as soil, is given by the following formula:

=

+

υ
K μ

ρ
,p

x4
3 (1)

where K is the bulk modulus (incompressibility), μ is the
shear modulus (rigidity), and ρ is the density of soil
through which the wave propagates [105]. From this
equation, it is clear that P-wave velocity depends on
the key material characteristics related to strength para-
meters – rigidity, compressibility, and density. The P-
wave is the axial wave passing through the cylindrical
specimen. The vibration was excited by a hammer that
stroke on one end of the specimen and measured as P-
waves by the accelerator device on another end, according
to the workflow of the existing studies [106]. The P-wave
has been correlated against the shear strength of the sta-
bilised material. Coupling between the P-wave and the
constrained modulus of the material Mx shows the elastic
moduli, which describes the isotropic homogeneous mate-
rials, as represented by the following equation:

=M ρ V ,x x P
2 (2)

whereVP is the velocity of a P-wave and ρ is the density of
soil specimen through which the elastic wave is propa-
gating [107]. The specifics of these tests were that tested
sleeves were not completely filled with the soil material.
The empty sleeves had eigenfrequencies close to those of
the test bodies. This meant that frequency in generated
oscillation modes deviated significantly from the natural
frequency of the samples located in sleeves. Since natural
frequency of the sleeves was predominate, it was these
frequencies that weremeasured, compared with Section 3.3.
This meant that none of the measurements on the test

Figure 2: A process of seismic measurements which evaluates P-wave velocity of the specimen. Photo source: Per Lindh.
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specimens in sleeves could be evaluated. In contrast, the
tests performed on the deformed and trimmed specimens
demonstrated the robust results.

2.4 Binder recipe for jet grouting

Testing of binder recipes has been carried out partly by
the SGI and partly by the CEMEX. The surveys included
the three types of tests: (i) UCS, (ii) water requirements,
and (iii) binding time for the four types of soil-binder
mixtures: (i) CEM II/A (100%); (ii) CEM II/A/CKD (50%/
50%); (iii) CEM II/A/LKD (50%/50%); and (iv) CEM II/A/
LKD/LSfiller (50%/30%/20%). The binder combinations
were tested for the jet pillar grouting for reinforcement of
soil, and summarised in Table 1, where J = performed test,
and N = not performed test.

The tests carried out by the CEMEX comply with the
Swedish standards of soil testing EN 196-1 [108] and EN
196-3 [109]. The conditions involve, among other para-
meters, that some binders have beenmixed with the three
parts of the standard sand and half a part water (vbt =
0.5). In the tests carried out at the SGI, only water and
binder have been mixed, and in parts of the tests, clay
has also been mixed in. This leads to significant differ-
ences in the compressive strength of the specimens.
Furthermore, the test performed by the CEMEX is done
on prisms, while the one in SGI is done on cylinders with
a diameter of 50 mm and a height of 100 mm.

The binder and water were mixed by the industrial
mixer for 5 min until a homogeneous mixture obtained as
a technical equipment. The mixer is a stainless bowl with a
capacity of about 5 L, which was fixed in the mixer frame
during mixing, and a stainless steel blade with an axes
driven by the electric motor. The process included mixing
specimens with added binder and the predetermined
amount of water, to obtain the required moisture. The
samples were then cast into the test moulds. In cases where

clay was added, mixing time increased to 20min to obtain a
homogeneous mixture. After 1–3 days of curing, the speci-
mens were then de-shaped and trimmed to the correct
length. Due to the water separation, the specimens were
trimmed mostly on the upper part, because this part was
weaker and could be processed more conveniently. There
was no water separation in the tested samples containing
clay. The testing was performed by CEMEX, and the propor-
tion scheme is shown in Table 1. After the homogenising,
mixing and compaction processes, the soil was stabilised
and evaluated for strength.

For jet grouting, cement (CEM II/A-M), LKD and CKD
were used as binders and evaluated in terms of their
performance. A water binder number (vbt) of 1.0 was
used for binder in Recipes A and B, and a vbt of 1.2 was
used for Recipes C and D, respectively. The experiments
were carried out with the mixing of clay for the tested
binder combinations.

The total clay content was 17, 30, 37.5, and 58% by
weight. For binder Recipe D, no clay admixtures were carried
out due to difficulties in obtaining a homogeneous admixture
of clay in that sample and a low compressive strength
without clay admixture. Tested binder ratios are reported in
Table 1. Unlike the measurements performed on stabilised
soil for lime/cement column reinforcement, all seismic tests
were performed on the specimens without pipes. Further-
more, temperature measurements were carried out according
to the thermosmethod on CEM II (100%)with a vct of 1.0 and
CEM II/LKD (50/50%) with a vbt of 1.0. Steel thermoses with
a liquid volume of 0.5 L were used for the experiment.

The viscosity was determined in Recipes A to D
without added clay, according to the Marsh cone method.
The Marsh cone is a workability test for quality control of
cement grouts, which evaluates the fluidity based on the
plastic viscosity and yield stress from the cone geometry
of tested specimens [110]. It considers the rheological
parameters and the time of flow in performance of soil-
cement pastes, since plastic viscosity varies with compo-
sition of binders [111,112]. In this case, mixed clay recipes
did not pass the funnel in the Marsh cone.

3 Results

3.1 Lime/cement column stabilisation

3.1.1 Strength determination

We evaluated the robustness of the interaction between
lime, cement, CKD, and LKD on soil stabilisation. The

Table 1: Tested binder combinations for the reinforcement of the jet
grouting column. J = performed, N = not performed

Name A B C D

Cement (%) 100 70 80 70
LKD (%) — 30 — —
CKD (%) — — 20 30
vbt 1.0 1.0 1.2 1.2
Clay (17%) J J J N
Clay 30% J J J N
Clay 37.5% J J J N
Clay 58% J J J N
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results demonstrated positive effects of binders on deep
stabilisation of clay. Most of these binder combinations
met the requirements for a minimum shear strength of
soil at 200 kPa after 28 days of curing at °7 C, that is, late
strength development. The performed tests show that two
of four tested recipes for jet grouting passed the require-
ment of 3 MPa after 28 days of curing even with a clay
mixture of 58%. In the testing of binder combinations, a
reference recipe of CEM II/A-V and quicklime were used
in a mutual ratio of 50/50%. The evaluated shear strength
for the reference samples at different curing times is
reported in Figure 3.

To evaluate the effects from different binder combi-
nations on shear bond and compressive strength of the
stabilised material, a test was setup according to the sim-
plex centroid design. The results are presented as a
response surface for a binder quantity corresponding to
80, 100, and /120 kg m 3 (Figure 4(a)–(c), respectively).
Figure 4 provides example of the clear positive interac-
tion between various components of stabilising agents
(cement, quicklime, and LKD) in a binder combination.
Positive interaction means that the components of binder
taken together as blends generate a higher strength than
would be expected from a linear regression between the
effects of the single binders. The model achieved 95% of
the explanation rate of variation in shear strength.

The results are comparable with those from the ana-
lysis of the extended trial reported in Figure 5, which
shows a slightly lower positive interaction between the
binders. Here, we performed the extended number of
tests based on the effects from binders in the soil–binder
mixture, which were setup for the amount of binder

/100 kg m 3 clay. In the trial set-up with more internal
trial points, the resolution increases and the degree of
explanation of the model increases from 95 to 97.5%.
Figure 4 clearly demonstrate a generally increasing trend
in gain of shear bond strength of all mixtures along with
the added amount of binder.

Thus, the maximal values for 80 kg of binder show
values over 200 kPa, for the binder bled of 100 kg – over
350 kPa, and for the binders of 120 kg of binder – over
450 kPa as maximal values (Figure 4). Thus, the LKD-Cem
and Ql-LKD show relatively quick strength development
along with the increased amount of binder (compared
with 80, 100, and 120 kg of binder). Moreover, although
the LKD-Cem mixture shows the highest strength and at
all sample ages (corresponds to the bright red left corner of
the triangle), the Ql-LKD mixture shows the lowest values
(indicated by the green right corner of the triangle)
(Figure 4).

The extended model shows a greater interaction
between different binder components (Figure 5(a)). A 3D

Figure 3: Shear strength as a function of curing time for specimens stabilised with a binder combination of CEM II/A and quicklime (50/50).
The amounts of binder corresponded to 80, 100, and 120 kg of binder per m3 of clay. The samples are stored in climate rooms with a
temperature of 7 °C.

Shear bond and compressive strength of clay stabilised with jet grouting  699



presentation of the ternary plots is generated in Figure 5(b)
based on soil stabilisation data. It follows the response
surface methodology that evaluates the correlation between
the explanatory variables. These include binder compo-
nents – cement, LKD, CKD, and quicklime, and the response
variable (shear strength). In this mixture, the positive inter-
action of the binder components was rather small compared
with the previous case. The degree of explanation of the

response surface was 98%, which proves the robust results
(Figure 5).

3.1.2 Seismic measurements

Seismic measurements were performed based on the
evaluated velocity of the elastic P-waves, according to
the free-free resonant columnmethod. The shear strength
of the material was considered for the dimensioning of
lime/cement columns. This means that different binder
recipes were assessed according to the recorded shear
strength in soil specimens. The connection between the
P-wave velocity and the UCS has a nonlinear form, which
is largely dependent on the mineral composition of soil.
The correlation between the P-wave velocity and shear
strength of the stabilised soil is shown in Figure 6.

Figure 6 presents the results of the measurements of
P-wave velocity and shear strength. The variations in
binder ratio and composition were evaluated over the
curing time of the experiments. There are also some

Figure 4: Response surface showing shear strength after 28 days
of curing at 7 °C with varied amount of binders. (a) 80 kg m 3

/ ,
(b) 100 kg m 3

/ , (c) 120 kg m 3
/ .

Figure 5: Response surface with internal points showing shear
strength after 28 days of curing at 7 °C. The amount of binder
100 kg m 3

/ . (a) 2D view; (b) 3D view.
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obvious outliers that have been identified and removed
from the correlation plot (Figure 6). The results from the
aforementioned measurements were used to estimate
shear strength based on the measured P-wave velocity
in the in situ conditions, e.g., the crosshole measurements.

The analysis of the distribution of data values gives the
following outcomes. The majority of data on shear strength
is concentrated within the range of 65–250 kPa, which well
corresponds to the P-wave velocity of 310–680 m/s. The
increase in shear strength indicates the resistance of stabi-
lised soil specimens to deformation by the effects from the
tangential shear stress. In natural conditions, this also
includes the resistance to erosion.

3.2 The effects of adhesives on jet grouted
columns

To evaluate the effects from different binders on reinfor-
cement of jet grouted columns, the tests of strength were
carried out by CEMEX, according to the Swedish standard
EN 196-1 (Figures 7 and 8). Binder, water, and a standard
sand were used for testing [108]. In the other tests, we
only used binders and water, and in some samples added
a mixture of clay.

The results show that cement without the admixture
of other binders gives the highest compressive strength,
followed by a mixture of 50% CEM II and 50% LKD, and
finally by a combination with 50% CEM II and 50% CKD,
which gave a similar result to the combination of 50%
CEM II and 30% LKD and 20% limestone filler. Figure 8
shows the UCS as a function of cement content for varied
curing time. As demonstrated, the highest strength was

recorded for the pure CEM II followed by the mixture of
60% CEM II and 40% CKD. The mixture of 50% CEM II
with 50% CKD demonstrated the lowest value of the com-
pressive strength.

Figure 9 details setting time and water requirement
for different binder combinations were investigated by
CEMEX according to the Swedish standard EN 196-3
[109]. The compressive strength of tested four cases of
binder ratios include the following mixtures (from left
to right, Figure 9): (i) 100% cement (CEM II); (ii) 50%
CEM II /50% CKD (PresafeP); (iii) 50% CEMII/ 50% LKD
(Spectra); and (iv) 50% CEMII/30% LKD (Spectra) /20%
LS filler. Water demand was the highest for binder
of combinations 50% CEM II and 50% CKD and for 50%
CEM II, 30% LKD, and 20% limestone filler. Water require-
ment for 50% CEM II and 50% LKD was the same as for
pure CEM II. The bonding time varied from 165 to 250 min.
The admixtures with 50% LKD and 50% CKD had a sig-
nificantly longer setting time compared to the CEM II
(Figure 9). Four tested combinations of binders include
the following mixtures (from left to right in Figure 9):
(i) 100% cement (CEM II); (ii) 50% CEM II /50% CKD (Pre-
safeP); (iii) 50% CEM II/50% LKD (Spectra); and (iv) 50%
CEM II / 30% Spectra(LKD)/20% LSfiller.

Figure 6: Shear strength as a function of P-wave velocity with red
circles indicating identified outliers.

Figure 7: Compressive strength of specimens with different combi-
nations of binders: cement (CEM II), CKD, LKD, and LS.

Figure 8: Compressive strength as a function of cement content for
varied curing time.
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Figure 10 shows a comparison of the compressive
strength of the specimens stabilised with different recipes
without adding clay admixture. Recipe A (100% cement)
shows the highest values (up to 20 MPa by sample 8) and
always outperforms all the other recipes in terms of
strength, which means that cement remains the most
effective stabiliser for clay. Following that, Recipe B
(70% cement, 30% LKD) also shows high values with
maximum achieved at sample 7 (13.8 MPa). Recipe C has
been less effective with added 80% cement and 20% CKD.
Such binder combination has shown the highest value of
UCS as 8.8 MPa in sample 9. Finally, the least strength was
demonstrated in Recipe D (70% cement, 30% CKD) where
the UCS values never exceeded 4MPawithmaximal values
of 3.7 at sample 2 and the lowest UCS as 2.7 MPa at sample
3 (Figure 10).

Figure 11 shows a nonlinear dependence of the P-
wave velocity as a function of curing time for Recipes A
to D. Each P-wave velocity determination is an average of
measurements on five specimens with binder recipes cor-
responding to the following equations: Recipe A – Eq. (3);
Recipe B – Eq. (4); Recipe C – Eq. (5); Recipe D – Eq. (6).

( )= + =y x R136.79 ln 1913.5; 0.9979,2 (3)

( )= + =y x R190.38 ln 1,620 ; 0.9994,2 (4)

( )= + =y x R177.54 ln 1328.5; 0.9968,2 (5)

( )= + =y x R201.68 ln 913.98; 0.9970.2 (6)

Here, Recipe A (100% cement) shows the most effec-
tive results outperforming the other blended mixtures
with the P-wave velocity at 2,350 m/s on day 28.

Figure 12 shows a compilation of the measured P-
wave velocities and compressive strength for different
binder recipes. Considering the empirical distribution of
the data points on the regression line, Figure 12 depicts
that Recipe D (70% cement 30% CKD) has the lowest P-
wave velocity (1,600 m/s), which corresponds to the
4.0–4.4 MPa of UCS. In the next example, Recipe C
(80% cement, 20% CKD) shows that P-wave velocity
varies from 1,900 to 1,950 m/s with UCS at 7.5–9 MPa.
Following that, the specimens stabilised with Recipe B
(70% cement, 30% LKD) achieved much higher UCS

Figure 9: Water requirement and setting time for different combi-
nations of binders: Cement (CEM-II), CKD, LKD and LS.

Figure 10: Compilation of the compressive strength of the various
binder combinations without mixing clay.

Figure 11: P-wave velocity over curing time at 20 °C.

Figure 12: Compressive strength as a function of P-wave velocity for
recipes A to D. Samples stored for 28 days at 20 °C.
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between 10.7 and 13.8 MPa, which corresponds to the P-
wave velocity at 2,210–2,300 m/s. Finally, a quick visual
inspection shows that Recipe A (100% cement) has the
best performance in terms of clay stabilisation with tested
samples having UCS from 14.4 to 20.0 MPa and a corre-
sponding P-wave velocity varying between 2,350 and
2,400 m/s (Figure 12).

Figure 13 shows the compressive strength of samples
stabilised with various binder recipes with different admix-
tures of clay during 28 days at °20 C. For binder Recipe A,
the UCS between 11.5 and 19.8 MPa was obtained for speci-
mens consisting of binder and water (Figure 13). When
clay was added into a mixture, strength dropped to a
minimum of 4 MPa for a mixture of 58% clay (Figure 13).
For the binder Recipe B without mixing clay, the compres-
sive strength values were recorded in a range between 5.9
and 13.3 MPa.

In claymixture of 58%, the compressive strength dropped
to approximately 3.2 MPa at its lowest value. For the binder
Recipe C, the compressive strength between 5.3 and 8.8 MPa
was obtained without adding clay into the mixture. At the
same time, when adding clay into the mixture up to 58%,
the compressive strength dropped to 3.6 MPa. For binder
Recipe D without clay mixing, the values of compressive
strength were 2.8 and 4.3 MPa (Figure 13).

The specimen stabilised by Recipe B (70% cement,
30% LKD) demonstrated P-wave velocity as 2,350 m/s
achieved on the same day. Recipe C (80% cement, 20%
CKD) and Recipe D (70% cement 30% CKD) demonstrated
P-wave velocity 1,900 and 1,550 m/s, respectively. All the
specimens demonstrated a gain of the UCS, which corre-
sponds to the sharp increase of the P-wave speed during
the first 3 days of curing. Afterwards, the behaviour of
strength gain stabilised, as shown in the graphs demon-
strating a logarithmic growth in curve of the correlation
between the P-wave speed and curing time. The compar-
ison of the performance of binder blends shows that
Recipe B (70% cement, 30% LKD) has better results for
the P-wave velocity as a function of curing time, com-
pared to other mixtures (Figure 11).

Figure 14 shows heat development with the two dif-
ferent binder combinations as a function of time. The
results show significantly lower values for binders with
50% CEM II and 50% LKD, compared to 100% CEM II.
However, both mixtures show a similar time course from
mixing until the maximum temperature is obtained. The
double experiments demonstrated a good repeatability
with approved results in the repeated experiments with
soil samples. The results of the performed temperature
development for binder slurry are shown in Figure 14.

Figure 13: Compressive strength of sample stabilised with various binder recipes with different admixtures of clay during 28 days at 20 °C.
(a) CEM II/A-M; (b) 70% CEM II/A-M and 30% LKD; (c) 80% CEM II/A-M and 20% CKD; (d) 70% CEM II/A-M and 30% CKD.
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Several mixtures that contained all the binders, i.e.,
cement, quicklime, CKD, and LKD, met the requirements
of at least 200 kPa after 28 days of storage. At a storage
temperature of °7 C, final strength is reached at 80 days at
the earliest, which demonstrated excellent performance.
For jet grouting, the in situ requirement is that a compres-
sive strength has 2 MPa after 28 days of curing. For sam-
ples processed in the laboratory, the requirement is set
to at least 3 MPa after 28 days of curing. The graphs
demonstrated that binders with Recipes A and B passed
this requirement even with a mixture of 58% clay. For
binder of Recipe C, the mean UCS was 2.77 MPa with a
clay mix of 58%. As a result of the performed works, soil
specimens increased in strength: the UCS (compressive
strength) and bond shear strength, as well as the related
parameters, such as lower permeability and reduced
compressibility.

3.3 Simulation of seismic measurements

Geophysical methods for evaluating soil strength by mea-
suring P-wave velocity present a nondestructive advanced
approach, which enables us to mitigate the costs of con-
struction works and to replace the time-consuming and
technically difficult workflow of measuring soil strength
in real-time conditions. The applied geophysical method
of measuring P-wave velocities is particularly efficient in
terms of production costs. In fact, the price of soil stabili-
sation scales progressively with the increased amount of

binders. This is because the workload and the metho-
dology of testing strength of foundations is a highly time
consuming and laborious work in construction industry
and geotechnical works.

With this regard, the application of the geophysical
methods reduces the expenses in the industrial projects
and enables to test soil strength using nondestructive
methods. In addition, despite the best performance of
cement as a pure binder, variations with other admixtures
may help in reducing negative environmental effects from
cement and assisting with utilisation of the industrial by-
products using as auxiliary binders.

The simulatedmodels of the natural frequency obtained
from seismic measurements performed in the laboratory
aims at natural frequency analysis. It is used to determine
the dynamic inherent properties of a soil system without
sleeves and to identify its resonant frequencies as eigen
values. Thus, it visualises a frequency at which the ampli-
tude of the vibration is the highest when exited by the
external means, that is, using simulation software. A sleeve
without soil had natural frequencies in the same order of
magnitude as the sample itself, which is shown on the
biased plots (Figure 15).

Figure 15 shows the inverse task, which shows simula-
tion of different modes of natural frequency for empty pipe
sleeves without soil. It is modelled for the three cases: 1,707,
1,767, and 3,870 Hz. The first case represents the uniform
pattern of colours with the modelled pipe corresponding to
the height and diameter of the real pipe and its natural
frequencies. In the second case, the frequencies are higher
in the upper and lower parts of the pipe. The third case has
an irregular form of the pipe column (Figure 15).

Figure 16 shows simulated natural frequencies for the
specimens without a sleeve using modelled form. By
simulating the test bodies placed in sleeves, natural fre-
quencies are used as modelled data. The model can gen-
erally be described as simulated natural frequencies for
the specimens without sleeve for the test bodies, which
have a length of 130.7 mm and varied frequencies, so that
the phenomenon of the fundamental lowest frequency
exhibits its effects at different values of frequency: 1,070,
2,014, 2,208, and 3,393 Hz (Figure 16).

Figure 17 shows the simulation plots that measured
natural frequencies that originated from the parts of the
sleeves containing soil material. This is performed to esti-
mate own frequencies of the pipes and to correct possible
bias in evaluating the P-wave velocities, while testing
stabilised soil. The aim is to predict and avoid the reso-
nance with the excitation vibration in soil samples. Using
simulation software, the values were visualised as 3D
plots making it straightforward to interpret (Figure 17).

Figure 14: Heat development in two binder combinations over time.
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4 Discussion

Subject to the diameter of the grouting columns and per-
centage of lime/cement stabilisers, a hundred thousand
of tons of cement are required for deep stabilisation per
year for construction industry in Sweden. This necessarily

involves significant financial investments for the produc-
tion of binder materials. To reduce this cost, industrial by-
products, such as LKD and Ql are used to replace a part of
pure cement. Such a replacement not only enables to
economise the costs of earthworks in construction industry
but also has sound technical and environmental benefits.

Figure 16: Calculated natural frequencies for specimens without
sleeve. The test bodies have a length of 130.7 mm.

Figure 15: Simulations of the natural frequency for pipe sleeves.

Figure 17: Simulated natural frequencies for sample in sleeve.
Sample body 130.7 and sleeve 170 mm.
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In this article, we demonstrated that a combination of
LKD, Ql, CKD, and OPC instead of pure OPC has positive
effects on deep soil stabilisation by jet grouting. The
laboratory testing showed a high repeatability between
the trials with various binder combinations.

The variations in compressive strength and shear
strength increased slightly along with curing time, which
is expected, since minor inaccuracies in the test speci-
mens have a greater effect. For comparison with various
binder amounts, the analysis was performed with the
same number of tests for 80, 100, and 120 kg of binder.
The requirements for the lime/cement columns in situ are
achieved during the tests: a minimum shear strength of
150 kPa after 28 days of curing. This is ensured by the
requirement for laboratory packed samples, which is set
to >200 kPa. The P-wave velocity is an index for the
changes in strength. It has been measured using the
ceramic shear ICP® accelerometer and vibration induced
by a hammer and presented on graphs showing correla-
tion between the P-wave velocity and the UCS.

The construction industry is strongly dependent on
the advanced technologies of soil improvement. The most
challenging issue in construction techniques consists in
finding the optimal solutions for the best results in soil
stabilisation. While the recommendations regarding ground
improvement and reviews of general standards of soil
testing are available in the existing technical engineering
documentation, more complex issues related to the non-
linear analysis of soil behaviour and strength properties
tested by geophysical methods require special studies.

The stability of foundations in building construction
strongly depends on soil strength. In process of stabilisa-
tion, the strength of soil increases over time of curing.
This improves the present conditions of the ground and
mitigates future risks of the instability of buildings and
roads constructed on a weak ground. The performance of
stabilisation should always be evaluated and assessed
according to the existing standards and threshold values
of UCS, accepted by the existing norms of civil engineering.

In response to the needs of developing effective
methods of testing soil strength to evaluate the effects
of various binders on soil stabilisation, an optimised
design of experiments on soil improvement and the
quality control for strength in soil are presented in this
article. The workflow included advanced statistical methods
of data processing to monitor and evaluate the effects from
various combinations of binders on soil stabilisation.
Several simplex experiments were performed on soil–
binder mixing, equivalent to 80, 100, and 120 kg of
binder per m3 of clay.

5 Conclusion

This study presented an application of geophysical testing
of compression wave velocity (P-wave) and measuring
shear bond and compressive strength (UCS) of soil speci-
mens. A special focus of this article is placed on presenting
the four different binders and evaluating the behaviour of
soil using various amounts and ratio of binders used as
stabilising agents: CEM II/A contained of Portland clinker
and limestone), burnt lime, CKD, and LKD. The CKD was
applied for extra tests in jet grouting.

Specifically, the main contributions of this article are
summarised as the following issues:
1) We proposed to combine four different binders for soil

stabilisation (i) CEM II/A, a Portland limestone ce-
ment; (ii) burnt lime; (iii) LKD up to 50%; (iv) CKD
and evaluated the gain in soil strength over curing
period for samples stabilised by combinations of these
binders mixed in various proportions.

2) We introduced a simple yet efficient robust algorithm of
testing optimal combinations of binders using statistical
simplex centroid design. Since the amounts of soil tested
in real projects may exceed several tons, finding the best
solutions for binder combinations through modelling sig-
nificantly reduces the price of work and increases the
optimisation of the workflow on soil stabilisation.

3) We demonstrated that the application of the statistical
methods of combinatorics applied for engineering pro-
jects effectively describes the behaviour of soil har-
dened by stabilising agents. Here, an optimal solution
of selection of binders is achieved by iteratively
checking soil strength criteria. The process was
repeated until the models shown stable solutions
for proportions of binders.

4) We developed an approach of seismic measurements
for evaluation of soil strength using nondestructive
methods by evaluating the velocity of P waves, which
directly correspond to the strength of soil as a com-
plex porous media consisting of solid particles and
groundwater which determines its elasticity, compres-
sibility, and compactness.

5) We carried out extensive experiments on soil mea-
surements supported by graphs showing the dynamics
of shear strength in specimens stabilised by various
binders, and response surface plots showing showing
shear strength after 28 days of curing, that is, late
strength development in soil with changed amount of
binders – 80, 100, and /120 kg m 3.

6) We evaluated the compressive strength of specimens
with different ratios of binders: cement (CEM II), CKD,
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LKD, and LS. We show that shear strength can be
represented as an exponential curve of P-wave velo-
city. Moreover, we assessed the compressive strength as a
function of cement over curing period on 2nd, 7th, and
28th day of curing.
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